INTRODUCTION {#S2}
============

Endogenous circadian clocks allow organisms to anticipate cyclic changes in their environment, such as daily rhythms in food intake. This dynamic control efficiently regulates the daily switch from energy liberation during fasting to energy storage during feeding. Disruptions in circadian rhythms have many negative consequences on health, and reductions in clock amplitude have been discovered in aging, obesity, and other diseases (reviewed in [@R1]). Pharmacological interventions and restricted feeding paradigms have demonstrated that modulating cycling amplitude can be beneficial for health and can combat the negative effects of obesity ([@R8]; [@R2]; [@R23]; [@R9]). Although these studies have revealed that the amplitude of the core clock machinery is important for metabolic health, other mechanisms of amplitude control likely exist.

The circadian system is able to drive rhythms in cells of peripheral organs throughout the mammalian body. Genome-wide analyses estimate that 10%--30% of the hepatic transcriptome and 20% of the proteome are rhythmic ([@R24]; [@R32]; [@R25]; [@R10]; [@R15]; [@R18]; [@R20]; [@R35]; [@R26]), though these rhythms can become dramatically altered through metabolic perturbation such as high fat diet (HFD) feeding and/or temporally restricted feeding ([@R3]; [@R14]; [@R34]). Although rhythmic transcription ultimately generates rhythms in the levels of many proteins, a significant fraction of rhythmic proteins are generated through posttranscriptional mechanisms ([@R17]; [@R15]; [@R18]; [@R20]; [@R26]). One form of reversible posttranscriptional modification is polyadenylation, and poly(A) tail length has been positively correlated with translational efficiency and/or transcript stability ([@R38]; [@R36]). Circadian control of poly(A) tail length in mouse liver plays an important role in the generation of rhythms in protein levels that are independent of transcriptional rhythms ([@R17]).

The liver is an important metabolic organ in which processes such as xenobiotic detoxification, glucose production, and lipid and cholesterol storage and processing occur. We have previously characterized the circadian profile of known deadenylases within the liver, and although most show little to no temporal rhythmicity, the protein Nocturnin (NOC), encoded by the gene *Nocturnin* (gene name *Noct*, formerly *Ccrn4l*) displays robust rhythmicity at both the mRNA and the protein levels ([@R7]; [@R16], [@R17]; [@R22]). NOC is critical for proper lipid metabolism in mice ([@R7]; [@R4]), and it has been implicated in osteogenesis, adipogenesis, and immune function ([@R11], [@R12]; [@R22]). Mice lacking *Noct* (*Noct*^−/−^, knockout \[KO\]) have normal core circadian mechanisms but are resistant to HFD-induced obesity and hepatic steatosis, indicating that NOC's role in metabolism is downstream of the core clock machinery ([@R7]). In the present study, we set out to examine the contribution of NOC function to rhythmic metabolism. Our study revealed that the *Noct*^−/−^ mice have significantly enhanced amplitudes in cholesterol and triglyceride metabolic pathways, both over the daily circadian cycle and in response to acute nutritional challenges. Our findings provide insight into posttranscriptional mechanisms by which the circadian clock exerts control over the amplitude of energetic processes important for regulation of lipid and cholesterol metabolism.

RESULTS {#S3}
=======

Increased mRNA Amplitude in the Noct^−/−^ Mouse Hepatic Transcriptome {#S4}
---------------------------------------------------------------------

To better understand the role NOC plays in circadian physiology, we examined global gene expression and various metabolic profiles over the 24 hr diurnal cycle in wild-type (WT) and *Noct*^−/−^ (KO) mice ([Figure 1A](#F1){ref-type="fig"}; [Figure S1A](#SD1){ref-type="supplementary-material"}). We harvested tissues and plasma and measured body and tissue weight at 3 hr intervals across the light:dark (LD) cycle from *ad libitum* (*ad lib*)-fed mice on a regular chow (RC) diet. Body weight did not differ with time and was similar between genotypes ([Figure S1B](#SD1){ref-type="supplementary-material"}), although liver weight (as a percentage of total body weight) was significantly increased in KO mice during the later portion of the dark phase and early portion of the light phase, while unchanged at other times ([Figure S1C](#SD1){ref-type="supplementary-material"}). Loss of *Noct* also had a significant effect on epididymal white adipose tissue (eWAT) weight, resulting in an overall reduced eWAT as a percentage of total body weight in KO mice ([Figure S1D](#SD1){ref-type="supplementary-material"}).

Gene expression profiling of the livers of WT and KO mice over the 24 hr diurnal cycle was done by mRNA sequencing (mRNA-seq) ([Figure 1A](#F1){ref-type="fig"}). We analyzed the data both by considering the total transcripts (including transcript variants from the same gene) and by using only the single-longest transcript for each gene with similar results. Transcripts were filtered for transcript length and expression levels to determine expressed transcripts (for details on filtering, see Experimental Procedures). Expressed transcripts were analyzed for circadian cycling using Metacycle ([@R37]). We applied several levels of cycling stringency to examine robust versus weak cycling transcripts, as well as those assuming waveforms less conducive to the Metacycle curve-fitting algorithms. Across a range of false discovery rate (FDR, q value) cutoffs, the two genotypes had a similar proportion of transcripts that exhibited statistically significant diurnal rhythmicity, similar to previous reports that examined circadian gene expression in WT mice ([Figure 1B](#F1){ref-type="fig"}). Predictively, more stringent q values reduced the number of cycling genes with both the ARSER (ARS) and the Jonckheere-Terpstra-Kendall (JTK) algorithms ([Figures S1E and S1F](#SD1){ref-type="supplementary-material"}; [Table S1](#SD2){ref-type="supplementary-material"}). However, although similar in number, only about half the cycling transcripts from each genotype were identified in both WT and KO livers ([Figure 1C](#F1){ref-type="fig"}), and this ratio was maintained even when the cycling stringency was reduced. We chose a moderately stringent q value of 0.05 as a cutoff and assessed the global phasing of expressed transcripts. Both common and unique cycling transcript groups have similar peak phasing between the genotypes ([Figure 1D](#F1){ref-type="fig"}; [Figure S1H](#SD1){ref-type="supplementary-material"}). The common cycling transcripts were enriched for genes associated with metabolic pathways and circadian rhythms ([Figure S1G](#SD1){ref-type="supplementary-material"}). The core clock genes display similar patterns of expression between WT and KO mice ([Figure 1E](#F1){ref-type="fig"}).

Rhythm amplitude is thought to be positively correlated with improved physiological function. Therefore, we examined amplitude (relative amplitude \[AMP~Rel~\], calculated as the ARS or JTK curve-fit amplitude divided by the mean expression for a given transcript across all time points) of expression for each cycling transcript using our q \< 0.05 cycling threshold. This revealed that transcripts with peak expression during the dark phase (Zeitgeber time \[ZT\] 12--ZT24) had significantly increased amplitude compared to those peaking during the light phase (ZT0--ZT12) in both genotypes ([Figure 2A](#F2){ref-type="fig"}). We observed a trend toward increased amplitude in the ZT12--ZT24 mRNAs in the KO mice when looking at all cycling transcripts and those cycling with moderate to high AMP~Rel~ (\> 0.15), prompting us to examine the amplitude further. As we did with our cycling analysis, we included a range of cycling thresholds when assessing amplitude ([Table S2](#SD2){ref-type="supplementary-material"}). We found that, consistently, the cycling transcripts from the KO mice had a greater difference in amplitude between day (ZT0--ZT12) and night (ZT12--ZT24) peaking transcripts, mostly because of increased amplitude in the ZT12--ZT24 peaking group ([Table S2](#SD2){ref-type="supplementary-material"}). This increased amplitude in night-peaking transcripts for the KO mice occurred exclusively in the common cycling transcripts; the unique cycling group was similar between WT and KO samples ([Table S2](#SD2){ref-type="supplementary-material"}). We further assessed the distribution of amplitudes in the common cycling transcripts by examining amplitudes in categories of low amplitude (AMP~Rel~ \< 0.15), moderate amplitude (0.15 \< AMP~Rel~ \< 0.85), and high amplitude (AMP~Rel~ \> 0.85) ([Table S3](#SD2){ref-type="supplementary-material"}). The distributions across amplitude thresholds were not significantly different between WT and KO mice, even with decreasing the overall cycling threshold. KO mice do have a more pronounced increase in AMP~Rel~ in ZT12--ZT24 peaking transcripts compared to WT mice when using a low cycling threshold (q \< 0.15) and looking exclusively at the moderate-high amplitude transcripts ([Figure 2B](#F2){ref-type="fig"}). This difference results mainly from increased amplitude in transcripts peaking later in the dark phase between ZT18 and ZT21 ([Figures 2C and 2D](#F2){ref-type="fig"}). These transcripts were enriched for transcripts associated with carbohydrate and glucose metabolism ([Figure S2A](#SD1){ref-type="supplementary-material"}).

We next assessed amplitude across all expressed genes, under the hypothesis that certain cycling waveforms may be undetectable by both the JTK and the ARS algorithms within Metacycle. Instead, we filtered transcripts that were not called rhythmic (with a q \< 0.15 cutoff) by either JTK or ARS. If a transcript was called rhythmic (q \< 0.15) by JTK and/or ARS in at least one genotype (WT or KO), then it was kept for amplitude analysis. We observed that when considering all AMP~Rels~, WT and KO mice do not exhibit large changes across different circadian phases ([Figures S2B and S2C](#SD1){ref-type="supplementary-material"}). However, if we again look at just the moderate-high amplitude (AMP~Rel~ \> 0.15) transcripts, differences in the KO emerge, with a notable increase at ZT18 ([Figures S2D and S2E](#SD1){ref-type="supplementary-material"}) that contains transcripts encoding many metabolic genes ([Figure S2F](#SD1){ref-type="supplementary-material"}).

We also considered amplitude as fold change across time points, regardless of being classified as cycling. By comparing the fold change of transcripts from WT and KO mice, we found a number of mRNAs with large increases in fold-change amplitude in the KO ([Figure 3A](#F3){ref-type="fig"}). Gene ontology analysis revealed that the mRNAs with increased fold-change amplitude in the KO liver are significantly enriched for those involved in cholesterol and lipid metabolism ([Figures S3A and S3B](#SD1){ref-type="supplementary-material"}). These mRNAs encode proteins with key roles in the general metabolic flux pathway producing acetyl coenzyme A (CoA), cholesterol (CHOL), and triglyceride (TG) ([Figure 3B](#F3){ref-type="fig"}). When these mRNAs were plotted for expression across the 24-hr day, we observed a striking pattern. Many mRNAs exhibited increased amplitude in the KO livers during the dark phase at ZT18 ([Figures 3C--3E](#F3){ref-type="fig"}), the time of peak NOCprotein expression in WT mice ([@R16]; [@R22]). These data suggest that loss of NOC protein increases the nighttime levels of mRNAs, with important roles throughout the CHOL and lipid metabolism pathways.

Loss of NOC Alters the Circadian Dynamics of Metabolic Flux {#S5}
-----------------------------------------------------------

Metabolic flux occurs in mammals through cyclic ingestion of nutrients in the diet during times of feeding and fasting. These nutrients can be processed in tissues such as the liver to produce TG and CHOL ([Figure 4A](#F4){ref-type="fig"}) through the pathways shown in [Figure 3B](#F3){ref-type="fig"}. Because many mRNAs encoding enzymes along this pathway have dysregulated expression in the KO liver ([Figure 3](#F3){ref-type="fig"}), we hypothesized that this would be reflected in altered TG or CHOL levels both within tissues and in the circulation. We assessed feeding using metabolic cages (TSE Systems Phenomaster) ([Figures S4A--S4E](#SD1){ref-type="supplementary-material"}). Consistent with previous findings ([@R7]), RC-fed WT and KO mice have similar feeding and activity patterns across the circadian cycle, and although VO~2~ and VCO~2~ display small differences when comparing the light versus the dark phase, the respiratory exchange ratio (RER) is not altered between WT and KO mice on a RC diet ([Figures S4A--S4E](#SD1){ref-type="supplementary-material"}). We observed similar increases in both genotypes in stomach weight during the middle of the dark phase, corresponding to the increased feeding that occurs at light offset in nocturnal rodents ([Figure 4B](#F4){ref-type="fig"}).

Measurement of hepatic TG content revealed diurnal oscillations in both genotypes, and the pattern of TG levels in the liver did not differ between WT and KO ([Figure 4C](#F4){ref-type="fig"}). However, there was a significant increase in the levels of TG in the plasma of KO mice at ZT18 ([Figure 4D](#F4){ref-type="fig"}), corresponding to the timing of peak amplitude in mRNAs encoding lipid synthesis enzymes in KO animals, which likely extends the peak of TG in the circulation beyond that observed in the WT mice. TGs are packaged into lipoproteins for passage throughout the circulation, and we found that plasma very low-density lipoprotein (VLDL), but not derived high-density lipoprotein (dHDL), is significantly increased in the night at ZT18 in KO mice ([Figures 4E and 4F](#F4){ref-type="fig"}). Lipid within the circulation also consists of non-esterified fatty acid (NEFA) mainly stored and liberated by the adipose tissue. Levels of plasma NEFA oscillate in both genotypes, but KO mice exhibit lower NEFA levels through the daytime ([Figure 4G](#F4){ref-type="fig"}).

Hepatic CHOL also oscillates in both WT and KO mice, but the amplitude in the KO livers is higher (\~2-fold), with lower levels in the late night or early day, followed by an increase over WT levels in late day ([Figure 4H](#F4){ref-type="fig"}). Despite this modest increase in amplitude, overall levels of CHOL within the liver and circulation were similar between genotypes ([Figures 4H and 4I](#F4){ref-type="fig"}), even though there are significant increases in expression of mRNAs encoding enzymes for CHOL production in the KO liver ([Figure 3D](#F3){ref-type="fig"}). However, CHOL is a key component in bile acid metabolism through conversion into bile acids in the liver and storage in the gallbladder for release upon nutrient ingestion ([@R28]). Measurement of gallbladder volume revealed significantly increased volumes in the KO mice throughout the light phase ([Figure 4J](#F4){ref-type="fig"}), suggesting that excess CHOL production is being used for bile synthesis.

Our results show that many mRNAs encoding TG- and CHOL-synthesizing enzymes have dysregulated expression across the circadian cycle in KO mice, with consistent increases over WT levels during the dark phase ([Figure 3](#F3){ref-type="fig"}), which are reflected in altered dynamics of TGs and CHOL metabolite levels ([Figure 4](#F4){ref-type="fig"}). Given the deadenylase function of NOC, we hypothesized that the poly(A) tail length of the previously identified mRNAs might be altered in KO mice. To address this, we examined the poly(A) tail length of candidate mRNAs from WT and KO mice at ZT18, when the amplitude of expression for these mRNAs is at its peak. Although the poly(A) tail length of the mRNAs we examined encoding acetyl-CoA synthesis enzymes was similar between WT and KO, the distributions of tail lengths of some mRNAs encoding CHOL synthesis enzymes were shifted toward longer poly(A) tail lengths (e.g., *Pmvk* and *Fdps*) ([Figures S5A and S5B](#SD1){ref-type="supplementary-material"}), suggesting that these mRNAs may be direct targets of NOC.

NOC Responds to and Helps Regulate the Temporal Response to Feeding Status {#S6}
--------------------------------------------------------------------------

Because metabolic flux is linked to both circadian cycle and feeding status, we explored the effect of different nutritional challenges on *Noct* expression. Consistent with previous reports ([@R7]; [@R16]; [@R6]; [@R22]), *Noct* mRNA displays strong circadian rhythmicity in the liver, with peak expression across the LD transition at ZT12 in WT mice fed *ad lib* on a RC diet ([Figure 5A](#F5){ref-type="fig"}). We challenged WT mice with a fast/refed paradigm ([Figure 5B](#F5){ref-type="fig"}) and found that a 10 hr fast blunted the circadian rise in *Noct* expression at ZT10 ([Figure 5C](#F5){ref-type="fig"}). Mice that were fasted for 10 hr and then refed for 1 hr showed a significant increase in *Noct* expression ([Figure 5C](#F5){ref-type="fig"}). When fed a HFD for 3 weeks, *Noct* rhythmicity is maintained in the WT liver, but it begins to rise earlier in the light phase and its peak expression is significantly elevated at ZT12 compared to RC-fed mice ([Figure 5D](#F5){ref-type="fig"}). We also challenged HFD-fed mice with a fast/refed paradigm ([Figure 5E](#F5){ref-type="fig"}) and found that a 10 hr fast again caused *Noct* levels to be blunted, even when the fast occurred at a different circadian phase. *Noct* expression was significantly increased after a 4 hr refeeding compared to its expression after a 10 hr fast ([Figure 5F](#F5){ref-type="fig"}).

The responsiveness of *Noct* to both diet (HFD) and feeding status (fast/refed) and the loss of amplitude control at the mRNA and metabolite level for TG and CHOL synthesis in KO mice prompted us to examine NOC's ability to regulate nutrient levels following acute fasting and refeeding on a HFD background ([Figure 6A](#F6){ref-type="fig"}). Similar to the changes seen across the circadian cycle, KO mice have significantly increased gallbladder volumes when refed following a fast ([Figure 6B](#F6){ref-type="fig"}), while plasma CHOL did not differ between genotypes ([Figure 6C](#F6){ref-type="fig"}). Plasma TG, NEFA, and VLDL were all increased in the KOs in the refed state ([Figures 6D--6F](#F6){ref-type="fig"}); plasma LDL was significantly reduced in the KO mice; and there was no change in dHDL ([Figures 6G and 6H](#F6){ref-type="fig"}).

Given the significant disruption in lipid metabolites across the circadian cycle and in response to nutrient challenge in the KO, we examined NOC's role in whole-body metabolism in response to a metabolic challenge. We used metabolic cages to probe the response in WT and KO mice to an acute shift in diet from RC to HFD ([Figure 6I](#F6){ref-type="fig"}). Metabolic parameters are similar between WT and KO mice under RC diet and in the first night following the switch to HFD ([Figures S4A--S4J](#SD1){ref-type="supplementary-material"}). However, there are several notable differences in the KO mice in the first 3 days of HFD exposure. Comparing the light versus the dark phase values of VO~2~ and VCO~2~ reveals a significant increase in these parameters in the KO mice ([Figures S4K and S4L](#SD1){ref-type="supplementary-material"}). These values can be a reflection of activity or energy substrate utilization; however, the activity and food intake of WT and KO mice are similar during this period ([Figures S4N and S4O](#SD1){ref-type="supplementary-material"}). The RER is an indicator of carbohydrate versus lipid utilization, and it is significantly decreased in the light phase in KO mice ([Figure 6J](#F6){ref-type="fig"}; [Figure S4M](#SD1){ref-type="supplementary-material"}), indicating a preference in lipid utilization in the KO mice.

Because KO mice display similar disruptions in lipid regulation both throughout the circadian cycle and in response to nutrient challenge, we hypothesized that a molecular disruption at the level of mRNA amplitude or poly(A) tail length in the KO mice might contribute to these phenotypes. The metabolic demand during a nutrient challenge such as fasting necessitates downregulation of certain transcripts, and subsequent refeeding would lead to their upregulation ([Figure 7A](#F7){ref-type="fig"}). *Noct* mRNA follows this same pattern of downregulation with a fast and upregulation with refeeding. We therefore hypothesized that potential targets of NOC could be identified by examining the hepatic transcriptome during such a nutrient challenge ([Figure 7B](#F7){ref-type="fig"}). We performed mRNA-seq on liver samples from HFD-fed WT and KO mice in the fed, fast, and refed states ([Figure 7C](#F7){ref-type="fig"}). For our analysis, we considered mRNAs that exhibited similar amplitude dynamics in which their expression was downregulated following a fast and upregulated with refeeding (down-up). The mRNAs that are downregulated by a fast exhibit globally smaller fold changes in the KO, followed by a significantly increased response upon refeeding ([Figure 7D](#F7){ref-type="fig"}), thereby displaying dynamics with increased amplitudes. The mRNAs within these categories are many of the same genes identified in our previous circadian mRNA-seq analysis, encoding enzymes necessary for the production of acetyl-CoA, CHOL, and lipid ([Figures 7E--7G](#F7){ref-type="fig"}). These mRNAs have significantly increased expression in the fed state at ZT22 in KO mice, and refeeding following a fast causes these mRNAs to return to elevated levels over WT controls, thus giving them an absolute amplitude increase. We also performed poly(A) tail length analysis on mRNAs from these HFD-fed mice in the fed state at ZT22 and found that the mRNAs with increased expression in the fed state also have a shift in the cumulative distribution of poly(A) tail lengths of their mRNAs toward longer-tailed forms in the KO mice ([Figures 7H--7J](#F7){ref-type="fig"}). The mRNAs identified here could be potential targets of NOC, because their expression levels are altered in the circadian cycle and acutely in response to fasting and refeeding. The significant increase in poly(A) tail length for these mRNAs in KO mice on a HFD background suggests that they are targets of NOC. Because *Noct* mRNA is upregulated with HFD feeding, NOC's deadenylation activity may be more important or pronounced in these situations of nutrient excess.

DISCUSSION {#S7}
==========

Daily rhythms in gene expression are important for metabolic homeostasis, and alterations to these rhythms can have profound consequences on the health of the organism. In humans, circadian misalignment causes loss of sleep quality and disruptions in glucose metabolism, hormone balance, and cardiac function ([@R30]; [@R21]). Animal models display similar dysfunction when genetic mutations or feeding challenges cause alterations in clock function or cause central and peripheral oscillators to lose coordination ([@R3]; [@R31]; [@R27]; [@R33]; [@R34]; [@R19]; [@R8]; [@R2]). The amplitude of the rhythms is also critically important, and the amplitudes of both the core clock and its outputs strongly correlate with metabolic health ([@R14]; [@R8]; [@R2]; [@R9]; [@R39]). The data presented here show that loss of NOC results in increased amplitudes of genes involved in CHOL and TG metabolism and resulting metabolites, and this raises the question of whether this increased amplitude plays a role in protecting these animals from metabolic problems such as obesity and hepatic steatosis.

NOC is unique among the known deadenylases in that it is regulated rhythmically by the clock and responds acutely to many stimuli as an immediate early gene; other deadenylases display weak or no circadian rhythmicity at the mRNA level in the mouse liver and are not known to be inducible ([@R5]; [@R17]). *Noct* hepatic mRNA exhibits high-amplitude rhythmicity in the *ad lib*-fed state, and its expression depends on both circadian clock machinery and metabolic cycles. Here we demonstrate that *Noct* mRNA rhythmicity and amplitude can be altered by chronic HFD and acutely in response to fasting and refeeding ([Figure 5](#F5){ref-type="fig"}). We examined the hepatic transcriptome in WT and KO mice, and in the KO, the mRNAs with increased amplitude within the dark phase encode proteins mediating flux through lipid and CHOL pathways. This results in increased circulating TG at night and increased gallbladder volume during the early part of the day. This nighttime temporal window coincides with the normal time of peak NOC protein levels in WT mice and suggests that NOC's normal function is to promote decay of mRNAs within these pathways during the night. Similarly, the increased expression of these mRNAs during the fasting and refeeding paradigm correlates with the conditions under which NOC is normally induced in WT mice. In some cases (*Acly, Fdps*, and *Gpam*), these mRNAs may be direct targets of NOC's deadenylase activity, because the distributions of their poly(A) tail lengths shift to longer tails in the KO livers. In other cases (*Acss2*, *Hmgcs1*, and *Acaca*), the tail length distributions do not change significantly, indicating that NOC's control of these mRNAs may be indirect. Many of these mRNAs are targets of the transcription factors PPARα and SREBP2. We examined both the circadian profile of the mRNAs encoding these proteins and their poly(A) tail length distributions at ZT18 and found no difference between WT and KO mice (data not shown).

NOC's responsiveness to time of day and to nutritional challenges suggests that it is important during perturbations related to energy status or need. Our studies with KO mice in metabolic cages following the transition from a RC to HFD revealed that KO mice have a small but significant preference for lipid utilization as an energy substrate and significantly higher VO~2~ and VCO~2~ values ([Figure S4](#SD1){ref-type="supplementary-material"}). This, in addition to our previous report that KO mice have altered transit of lipid across intestinal enterocytes ([@R4]), could contribute to the protection from diet-induced obesity exhibited by KO mice.

We were surprised that the CHOL levels in KO mice did not show overt changes both within the liver and in plasma, because most mRNAs encoding CHOL synthesis enzymes were upregulated in the KO mice ([Figure 3](#F3){ref-type="fig"}). Hepatic CHOL levels in the KO mice oscillate with a similar phase as WT mice, but the amplitude is increased (\~2-fold), with decreased CHOL levels early in the light phase followed by an increase over WT levels just before the LD transition ([Figure 4D](#F4){ref-type="fig"}). This change in amplitude is consistent with our finding that KO mice have increased gallbladder volumes throughout the light phase ([Figure 4J](#F4){ref-type="fig"}). CHOL is the substrate for bile acid (BA) production and BAs are stored in the gallbladder until release into the proximal small intestine upon nutrient ingestion (reviewed in [@R28]). The increased gallbladder volume throughout the light phase could be a metabolic compensation for the increased amplitude of expression of mRNAs encoding CHOL synthesis enzymes in the late portion of the dark phase in KO mice or could be due to dysregulated feedback signaling in the hepatobiliary system. This feedback is mediated primarily through *Fgf15* mRNA induction in the distal small intestine (ileum) by released BAs and FGF15 protein signaling back to the liver to shut down BA synthesis through hepatic activation of FXR and SHP protein expression (for review, see [@R29]). It is unlikely that feedback is disrupted in the KO mice, because *Fgf15* mRNA in the ileum and *Fxr* and *Shp* mRNA in the liver do not differ between genotypes (data not shown).

The data presented here are consistent with a model whereby NOC regulates metabolic amplitude at the level of mRNA expression, resulting in an increase in amplitude of metabolite abundance. We identified a temporal window throughout the dark portion of the circadian phase, during which mice lose the ability to downregulate levels of mRNAs encoding metabolic enzymes and circulating lipid levels in the absence of NOC, resulting in higher peak expression. We have further demonstrated that NOC is critical in the acute metabolic response to refeeding following a fast by helping maintain proper levels of lipid species and gallbladder volume. In both cases, the KO mice exhibit higher-amplitude responses to feeding challenges, identifying it as a metabolic amplitude regulator both within the dark phase of the circadian cycle and in response to nutrient challenges ([Figures 7A and 7B](#F7){ref-type="fig"}). Increased mRNA and metabolite amplitudes have been associated with improved metabolic health ([@R2]; [@R9]), and many mRNAs with enhanced amplitude in the KO mice have been reported to have reduced amplitude (e.g., *Acly*, *Fdps*, and *Gpam*) in a model of jetlag and hepatocarcinogenesis ([@R13]). Although in the laboratory setting lack of NOC confers a health advantage (increased metabolic amplitude and resistance to diet-induced obesity), the effects of NOC loss in the wild when food may be limiting would be interesting to assess. Our work highlights the importance of metabolic regulation by the circadian system and deepens our understanding of the mechanisms controlling metabolic amplitude. With this knowledge, modulating levels or activity of NOC could assist in treating conditions such as jetlag, cancer, or obesity in which proper regulation of metabolite levels is lost.

EXPERIMENTAL PROCEDURES {#S8}
=======================

Contact for Reagent and Resource Sharing {#S9}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact.

Experimental Model and Subject Details {#S10}
--------------------------------------

### Animal Studies {#S11}

WT and *Noct*^−/−^ (KO) male C57BL/6 (congenic, N \> 9) mice were individually housed in light-tight environmental chambers under green light emitting diode (LED) lighting on a 12:12 LD cycle, with ZT0 defined as the time of lights on and ZT12 defined as the time of lights off. Specific time of lights on and lights off was variable, depending on the experiment, but all LD cycles maintained the LD 12:12 ratio, and animals were allowed a minimum of 2 weeks to entrain to the specific LD cycle once placed in the environmental chambers. Animals on RC were fed Harlan Teklad diet 2918. Animals receiving HFD were fed Research Diets D12492i (60% kcal fat). HFD-fed mice were allowed to feed *ad lib* for 3 weeks beginning from 6 to 8 weeks of age. Animals were 9--12 weeks of age at the time of tissue collection. WT and KO mice used for RC mRNA-seq were littermates and randomly assigned to time points for collection. WT mice used for HFD mRNA-seq were bought from the breeding core at UT Southwestern Medical Center, and KO mice were from a KO-specific breeding strain maintained by our laboratory. Mice were sacrificed via decapitation for terminal blood collection followed by tissue harvest. Tissues were flash-frozen in liquid nitrogen and stored at −80°C for downstream analysis. Mice sacrificed at times corresponding to lights off were sacrificed under dim red light. All animal studies were conducted in accordance with Institutional Care and Use Committee (IACUC) regulations and guidelines.

Quantification and Statistical Analysis {#S12}
---------------------------------------

Unless otherwise specified, statistical significance was determined using GraphPad Prism software. Statistical tests varied according to the experiment, but p \< 0.05 was generally used for significance. Specific statistical tests are referred to in the figure legends, along with the specific level of significance achieved. Circadian rhythmicity was determined using the Metacycle package within R statistical computing software ([@R37]). Significant circadian cycling was determined over a range of FDR (q) values (q \< 0.01, q \< 0.05, q \< 0.10, and q \< 0.15) for both JTK and ARS. Where applicable, n refers to the number of biological replicates represented by different mice.

Further details and an outline of resources used in this work can be found in [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}.

DATA AND SOFTWARE AVAILABILITY {#S13}
==============================

The accession number for the mRNA-seq datasets reported in this paper is GEO: GSE105413.

Supplementary Material {#S15}
======================
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![Loss of *Nocturnin* Does Not Alter Global Circadian Cycling in the Hepatic Transcriptome\
(A) Global circadian cycling of the hepatic transcriptome of WT and *Noct*^−/−^ (KO) mice was determined by mRNA-seq analysis of liver samples (n = 2 mice/genotype/time point) collected at 3 hr intervals around the clock from *ad lib*-fed mice entrained to a 12:12 light:dark (LD) cycle. Samples from n = 4--5 mice/genotype/time point were collected for physiological analysis ([Figure S1](#SD1){ref-type="supplementary-material"}), and n = 2 mice/genotype/time point were randomly selected for mRNA-seq analysis.\
(B) Metacycle was used to determine cycling transcripts (JTK and ARS, FDR \[q value\] \< 0.15, 0.10, 0.05, or 0.01). From a total of n = 26,928 expressed transcripts, a similar percentage was cycling in the WT and KO livers at each cycling threshold (see also [Table S1](#SD2){ref-type="supplementary-material"}).\
(C) Overlap of cycling transcripts was compared between WT and KO samples. Similar distributions of common and unique cycling transcripts were found at all thresholds except q \< 0.01, where the WT has a larger percentage of cycling transcripts.\
(D) Histograms of the distribution of the peak phase for transcripts cycling at the q \< 0.05 threshold in each genotype. Mean peak phase was determined by circular rose plots ([Figure S1G](#SD1){ref-type="supplementary-material"}) and indicated by a red line and red text.\
(E) mRNA-seq expression of several core clock genes is shown for WT and KO samples. The average of each biological replicate (n = 2/genotype/time point) ± range is graphed.](nihms941215f1){#F1}

![Hepatic Transcript Amplitude Is Increased in Mice Lacking *Nocturnin*\
Cycling hepatic transcripts display amplitude increases in mice lacking NOC (*Noct*^−/−^, KO) during the dark phase.\
(A) Relative amplitude (AMP~Rel~) was determined for cycling transcripts (q \< 0.05) by taking the ARS algorithm amplitude value and dividing it by the average expression (reads per kilobase of transcript per million mapped reads \[RPKM\]) value for a given transcript across all time points ([Table S2](#SD2){ref-type="supplementary-material"}). Transcripts were grouped by peak phase and grouped into day (ZT0--ZT12) and night (ZT12--ZT24) categories. The number of transcripts is indicated on each bar. Averages for transcripts were graphed according to all amplitudes (left) or those with AMP~Rel~ \> 0.15.\
(B) AMP~Rel~ was plotted as in (A), but with transcripts cycling with a q \< 0.15 threshold.\
(C and D) Cycling transcripts from (B) with AMP~Rel~ \> 0.15 were subdivided into 3 hr peak phase windows. Transcripts were grouped into 3 hr bins ± 1.5 (e.g., Zeitgeber time (ZT) 3 transcripts had a peak phase ranging from ZT1.5 to ZT4.5) and presented according to genotype with WT (C) or KO (D).\
Unless otherwise noted, bars represent the mean ± SEM and significance was determined using a Student's t test.](nihms941215f2){#F2}

![mRNAs Encoding Cholesterol and Lipid Synthesis Enzymes Display Increased Amplitude at ZT18 in the *Noct*^−/−^ Mouse Liver\
(A) Transcript fold change was determined for each transcript by dividing the maximum expression value by the minimum expression value across time points. Genotype fold change for each transcript was then calculated by dividing the KO transcript fold change by the WT transcript fold change. A *Z* score was calculated for the genotype fold change and color-coded to highlight the transcripts with the highest amplitude increases in the KO (red) and the lowest amplitude decreases in the KO (blue).\
(B) Pathway diagram depicting mRNAs and enzymes involved in the production of acetyl-CoA (green), cholesterol (purple), triglyceride (orange), and lipoproteins (turquoise). The names highlighted with red text had a *Z* score \> 2, as identified in [Figures 1I and 1J](#F1){ref-type="fig"}.\
(C--E) mRNA-seq expression plots from WT and *Noct*^−/−^ (KO) mice for select genes from the metabolic flux pathway in (B) are shown across the circadian cycle (n = 2/genotype/time point). Select genes are color-coded according to their terminal production of Acetyl CoA (green, C), cholesterol (purple, D), or triglycerides (orange, E).\
Data points represent the mean ± range.](nihms941215f3){#F3}

![Tissue and Plasma Metabolites Display Altered Circadian Dynamics in *Noct*^−/−^ Mice\
(A) Schematic depicting the metabolic flux, whereby the liver produces lipoproteins, triglycerides (TGs), and cholesterol (CHOL). CHOL metabolized to produce bile acids (BAs) in the liver, and the BAs are stored in the gallbladder. TGs, CHOL, and lipoproteins can also enter circulation from the diet as organisms feed.\
(B) Stomach weight was recorded from animals across the circadian cycle.\
(C--G) Lipid species were measured in the liver and plasma of mice. TG was measured in liver (C) and plasma (D). VLDLs (very low-density lipoproteins) (E) and dHDL (high-density lipoprotein, derived) (F) were measured from plasma. NEFA (non-esterified fatty acid) was measured from plasma (G).\
(H and I) CHOL levels were quantified from liver tissue (H) and plasma (I).\
(J) Gallbladder volume was determined at the indicated circadian time points.\
All data points represent the mean ± SEM and come from n = 3--5 mice/genotype/time point.](nihms941215f4){#F4}

![Feeding Condition Alters *Nocturnin* mRNA Expression\
(A) *Nocturnin* (*Noct*) hepatic mRNA expression was determined by qPCR across the LD cycle in the *ad lib*-fed state of WT mice on regular chow (RC) (n = 3--4 mice/time point).\
(B) Schematic depicting the nutritional challenges administered to WT mice. Mice (n = 4--6) had livers harvested in the *ad lib*-fed state at either ZT0 or ZT10, the 10 hr fasted state (fast) (food removed at ZT0), and the 1 hr refed state at ZT11 (food removed at ZT0 and returned at ZT10 for 1 hr).\
(C) Quantification of *Noct* hepatic mRNA by qPCR in each of the feeding conditions depicted in (B).\
(D) Mice were also challenged with 3 weeks *ad lib* high fat diet (HFD) feeding (Research Diets, D12492i). Hepatic *Noct* mRNA was quantified from HFD-fed WT mice at the indicated time points (n = 4 mice/time point) and normalized to *Gapdh* expression. *Noct* expression from RC-fed WT mice is replotted from (A) as a dashed green line.\
(E) Schematic depicting the nutritional challenges administered to HFD-fed WT mice.\
(F) Liver tissue was collected from mice in the *ad lib*-fed state at ZT22, the 10 hr fast (fast) state at ZT22 (food removed at ZT12), the 1 hr refed state at ZT23 (food removed at ZT12 and returned at ZT22 for 1 hr), and the 4 hr refed state at ZT2 (food removed at ZT12 and returned at ZT22 for 4 hr).\
Data points represent mean ± SEM. For (D), \*\*\*p \< 0.001, two-way ANOVA with multiple comparisons. For (C) and (F), different letters represent p \< 0.05 from a one-way ANOVA with multiple comparisons. Identical letters represent mean values that are not statistically different.](nihms941215f5){#F5}

![Altered Gallbladder Volume and Lipid Levels in *Noct*^−/−^ Mice following Fasting and Refeeding\
(A) Schematic depicting the nutritional challenges administered to WT and *Noct*^−/−^ (KO) mice. WT and KO mice (n = 3--5) were exposed to a HFD (Research Diets, D12492i) for 3 weeks and then fasted for 10 hr (fast, food removed at ZT0) or fasted for 10 hr and then refed for 1 hr (refed, food removed at ZT0 and returned at ZT10 for 1 hr).\
(B) Gallbladder volume was measured from WT and KO mice.\
(C--H) Plasma was harvested from WT and KO mice in the fast and refed states, and levels of CHOL (C), non-esterified fatty acid (NEFA) (D), TG (E), very low-density lipoprotein (VLDL) (F), low-density lipoprotein (LDL) (G), and derived high-density lipoprotein (dHDL) (H) were quantified.\
(I) Schematic diagram depicting the paradigm for metabolic cages. WT and KO mice (n = 12/genotype) were placed in metabolic cages (TSE Systems Phenomaster) and were fed a RC diet for 1.5 days. Just before lights off on day 2, the diet was switched to HFD (Research Diets, D12492i) for the remaining 3 days of recording.\
(J) Respiratory exchange ratio (RER) from the metabolic cages is shown for the HFD exposure days. Letters indicate Student's t test significance values, with similar letters not statistically significant and different letters indicating statistical significance of p \< 0.05.\
All other data points represent mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*\*p \< 0.0001, Student's t test.](nihms941215f6){#F6}

![Disrupted mRNA Amplitude and poly(A) Tail Length in *Noct*^−/−^ Mice under Different Feeding Conditions\
(A and B) Model of NOC's regulation of metabolic amplitude in WT mice (A) and the physiological consequence of loss of Nocturnin in the KO (B).\
(C) Schematic of the feeding conditions for mRNA-seq analysis. WT and *Noct*^−/−^ (KO) mice were fed a HFD for 3 weeks, and then liver tissue was harvested in each of 3 nutritionally challenged states (n = 3 mice/genotype/condition). Livers were harvested from mice in the *ad lib*-fed state at ZT22, the fast state at ZT22 (10 hr fast, food removed at ZT12), or the refed state at ZT2 (10 hr fast, food removed at ZT12 and replaced at ZT22 for 4 hr).\
(D) mRNA-seq results were categorized into groups by their response to the feeding condition. mRNAs downregulated with fasting and upregulated with refeeding were grouped as "down-up." mRNAs within each category were given an amplitude response value to the feeding condition by comparing the mean RPKM in the fed versus fast conditions and fast versus refed conditions and the amplitude expressed as fold change.\
(E--G) RPKM values for both WT and KO genotypes are graphed for genes associated with acetyl-CoA production (*Acly*) (E), CHOL (*Fdps*) (F), and TG (*Gpam*) (G) synthesis.\
(H--J) poly(A) tail lengths at ZT22 in the fed state were measured (n = 1/genotype), and the cumulative distribution percentage was graphed for each genotype of the select genes associated with acetyl CoA production (*Acly*) (H), CHOL (*Fdps*) (I), and TG (*Gpam*) (J) synthesis. The inset is a box-and-whisker plot of the median poly(A) tail length ± range, and statistics performed were Mann-Whitney U tests with \*p \< 0.05 and \*\*p \< 0.01.\
Unless otherwise specified, bars with error bars represent the mean ± SEM, statistics were obtained with a Student's t test, and \*p \< 0.05, \*\*p \< 0.01, and \*\*\*\*p \< 0.0001.](nihms941215f7){#F7}

###### Highlights

-   Hepatic mRNAs encoding key metabolic enzymes have increased amplitude in *Noct*^−/−^ mice

-   Hepatic *Nocturnin* mRNA expression is responsive to nutrient status

-   Lipid and cholesterol levels are increased after a meal in *Noct*^−/−^ mice

-   mRNAs with increased amplitude in *Noct*^−/−^ mice have lengthened poly(A) tails
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